Abstract Major volcanic eruptions generate widespread ocean cooling, which reduces upper ocean stratification. This effect has the potential to increase nutrient delivery into the euphotic zone and boost biological productivity. Using externally forced last millennium simulations of three climate/Earth System models (Model for Interdisciplinary Research On Climate (MIROC), Community Earth System Model (CESM), and LOch-Vecode-Ecbilt-CLio-agIsm Model (LOVECLIM)), we test the hypothesis that large volcanic eruptions intensify nutrient-driven export production. It is found that strong volcanic radiative forcing enhances the likelihood of eastern Pacific El Niño-like warming in CESM and LOVECLIM. This leads to an initial reduction of nutrients and export production in the eastern equatorial Pacific. However, this initial response reverses after about 3 years in association with La Niña cooling. The resulting delayed enhancement of biological production resembles the multiyear response in MIROC. The model simulations show that volcanic impacts on tropical Pacific dynamics and biogeochemistry persist for several years, thus providing a new source for potential multiyear ecosystem predictability.
Introduction
Several explosive volcanic eruptions occurred during the last millennium [Crowley, 2000; Gao et al., 2008] . Associated emissions of sulfate aerosols increased Earth's planetary albedo and decreased surface temperatures and ocean heat content on timescales of years to several decades [Church et al., 2005; Jungclaus et al., 2010; Harris and Highwood, 2011] . Earth System models simulate a fast response ((1 year)) of the terrestrial biosphere to volcanic eruptions [Brovkin et al., 2010; Tjiputra and Otterå, 2011; Frölicher et al., 2013] . The volcanic ash deposition has also been linked to short-term regional ocean fertilization and enhanced marine productivity [Duggen et al., 2010; Hamme et al., 2010] .
In addition to the direct effects of volcanic eruptions on terrestrial and marine ecosystems, volcano-related ocean dynamical and thermodynamical changes may affect ocean biogeochemical cycles via impacts on ocean stratification, mixing, and upper ocean circulation [Mignot et al., 2011] . These processes can affect nutrient delivery to the euphotic zone and thus biological productivity. This may lead to a persistent response that can last up to two decades [Frölicher et al., 2011] . Furthermore, the emergence of El Niño events, which can be triggered by volcanic eruptions [Adams et al., 2003; McGregor et al., 2010] , can generate long-term shifts in marine productivity [Séférian et al., 2014] and in the ocean carbon cycle . Such a long-term response may also contribute to enhanced multiyear predictability of nutrients and lower trophic-level variations [Séférian et al., 2014; Chikamoto et al., 2015] . This potential predictability may link to the important societal issue of long-term prediction of fish abundance.
To investigate the effect of volcanic eruptions on marine productivity, we focus on one of the most productive regions on our planet, the tropical Pacific. The climatic and biogeochemical responses to volcanic eruptions in climate models may depend on ocean initial conditions Ohba et al., 2013] , the representation of marine ecosystems, or the parameterization of atmospheric aerosol effects [Timmreck, 2012] . To determine the forced signal and address resulting uncertainties in ecosystem responses to volcanic eruptions, we use a suite of last millennium simulations conducted with three different climate/Earth System models.
Model Experiments
The climate models used here are the coupled climate model MIROC [K-1 Model Developers, 2004] in combination with an off-line biogeochemical tracer model [Chikamoto et al., 2012] , the Community Earth System Model (CESM) [Hurrell et al., 2013] , and the fully coupled atmospheric-sea-ice-vegetation-biogeochemistry model LOVECLIM [Goosse et al., 2010] . More details on the model setup are provided in the supporting information.
The last millennium simulation conducted with MIROC (LM-MIROC) [Yiou et al., 2012] uses time-varying external forcings due to orbital changes [Berger, 1978] , atmospheric greenhouse gases following the protocol of the Paleoclimate and Model Intercomparison Project 3, PMIP3 (https://wiki.lsce.ipsl.fr/pmip3/doku.php/ pmip3:design:lm:final) [Schmidt et al., 2011] , and total solar irradiance and volcanic radiation changes (Text S1 and Table S1 in the supporting information). To quantify marine biogeochemical responses to these external forcings, we use an off-line three-dimensional marine biogeochemical model [Chikamoto et al., 2012] forced by monthly LM-MIROC climate output fields from 850 Common Era (C.E.) to 1850 C.E. The last millennium simulation conducted with CESM (LM-CESM) follows the protocols of PMIP3 [Schmidt et al., 2011] and includes changes in aerosol optical depth due to volcanic forcing [Gao et al., 2008] (Figure S1a ), land use changes [Pongratz et al., 2008] , and fossil fuel emissions (post 1750 C.E., following Andres et al. [2012] ) (Table S1 ). The LOVECLIM last millennium simulation (LM-LOVEC) applies the total solar irradiance changes [Muscheler et al., 2007] (Figure S1b ) and changes due to volcanic eruptions [Crowley, 2000] (Figure S1a ) as external radiative forcing and land use changes after 1850 C.E. [Houghton, 2003] . To better separate forced signals from internal climate noise, we conducted a 10-member ensemble with LM-LOVEC. The analysis focuses on the period 850 C.E. to 1850 C.E.
Results
The range of simulated low-frequency variability in Northern Hemisphere mean surface temperature in LM-MIROC, LM-CESM, and LM-LOVEC is within the range of the proxy reconstructions (gray shading from Figure 5 .8 in IPCC AR5 [Masson-Delmotte et al., 2013] ) ( Figure S1c ). The short-term large temperature drops are due to the volcanic eruptions ( Figure S1a ). Compared to the reconstruction, the temperature anomalies during strong volcanic eruptions are overestimated in LM-MIROC and LM-CESM. This mismatch can be due either to systematic model errors associated with the radiative effects of volcanic aerosols Timmreck, 2012] or to a potential underestimation of short-term cooling events as inferred from tree-ring proxy records combining different types of trees [Mann et al., 2012] . The issue of potential proxy biases during volcanic eruptions still remains controversial [Anchukaitis et al., 2013; Sigl et al., 2014; Stoffel et al., 2015] .
To determine the ocean response to volcanic eruptions, we first focus on the ∼1258 C.E. eruption (at Samalas). In 1258 C.E., the simulated atmospheric 2 m Northern Hemisphere temperatures dropped by 2.2, 3.0, and 0.6 ∘ C in LM-MIROC, LM-CESM, and LM-LOVEC, respectively ( Figure S1c) . The 1258 C.E. Northern Hemisphere cooling was estimated to be ∼ 2.0 ∘ C in a recent paleoclimate reconstruction [Mann et al., 2012] . According to our model experiments, the 1258 C.E. eruption led to a global mean sea surface temperature (SST) reduction of 1.4 ∘ C in LM-MIROC, 2.2 ∘ C in LM-CESM, and 0.3 ∘ C in LM-LOVEC, corresponding to short-term SST sensitivities of 0.07, 0.07, and 0.03 K/(W m −2 ), respectively (not shown). For moderate-large volcanic forcing (< −3 W m −2 ), the trends of SST reduction in LM-MIROC and LM-CESM are similar to previous observational and model estimates [Rayner et al., 2003; Church et al., 2005; Stenchikov et al., 2009] (Figure S2 ). We conclude that these two models reasonably reproduce the temperature amplitude in response to volcanic eruptions, whereas the LOVECLIM sensitivity is too low [Plattner et al., 2008] .
To identify the response of the tropical Pacific to major volcanic forcing, we calculate the composites of temperature anomalies averaged over the euphotic zone (defined here as depth from 0 to 150 m where photosynthesis is set to occur in CESM) for major volcanic eruptions (<−8 W m −2 for CESM and MIROC and < −5 W m −2 for LOVECLIM) during the period 850-1850 C.E. (Figure 1 ). Using these thresholds as criteria for major volcanic forcing, our composite is based on the eruptions in 1258 C.E. (at Samalas), 1452 C.E. (or 1453 C.E., at Kuwae), and 1815 C.E. (or 1816 C.E., at Tambora) for all three models and additional four cases CHIKAMOTO ET AL.
LONG-TERM TROPICAL PACIFIC PRODUCTIVITY in 1275, 1600, 1641, and 1762 C.E. for CESM. The composites are obtained from the average of the responses for 0-1 or 3-4 years in the selected strong volcanic eruptions, which document the fast response of the upper ocean dynamics and biota to the major volcanic eruptions. The anomalies are calculated relative to the 1000 year mean (850-1850 C.E.). Additionally, we show changes of seawater density averaged in the euphotic zone as an indicator for upper ocean stratification. Positive upper ocean density anomalies are associated with reduced stratification (not shown).
The strong volcanic forcing affects simulated tropical Pacific temperatures considerably. The LM-MIROC simulates a strong cooling in the western tropical Pacific and a weaker cooling in the eastern tropical Pacific (Figure 1a ). In this model we find an overall increase in upper ocean density and thus a reduction of stratification for years 0-4 after the eruption. The vertical profile of temperature anomalies shows a more pronounced cooling in the western equatorial Pacific (Figures 1a and 1b) , which suggests that the change in thermocline depth is small at the eastern equatorial Pacific. In LM-CESM and LM-LOVEC, warming is prominent in the eastern equatorial Pacific Ocean in the first 2 years following the eruptions (Figures 1c and 1e) , although cooling occurs widely in the tropical and subtropical regions. The eastern equatorial Pacific warming, which is associated with the increased upper ocean stratification, reduces the Walker Circulation and the equatorial surface trade winds. In CESM and LOVECLIM, the eastern equatorial Pacific thermocline deepens for the first 0-2 years after the eruption and shoals in years 3 and 4. In these two models, El Niño conditions reverse to weak La Niña CHIKAMOTO ET AL. LONG-TERM TROPICAL PACIFIC PRODUCTIVITY conditions in years 3-4 (Figures 1d and 1f ), which in turn decreases upper ocean stratification and enhances vertical mixing (Figures 1d and 1f ) . Note that the response in LM-LOVEC is much weaker than in LM-CESM (Figure 1 ).
In scatterplots of volcanic forcing and the tropical Pacific SST change ( Figure S2 ), in LM-LOVEC the regression slope is considerably smaller compared to LM-MIROC and LM-CESM. The standard deviation of 10 ensembles shows relatively small spread of temperature responses to the strongest volcanic eruption in LOVECLIM; hence, the weaker SST response in LOVECLIM robustly reflects the model's weak sensitivity to volcanic forcing. Moreover, for the same global surface cooling, LOVECLIM has a weaker tropical SST response compared to the other Earth System models ( Figure S3 ).
The simulated initial El Niño-like warming in LM-LOVEC and LM-CESM is consistent with proxy evidence showing an increased El Niño probability after strong volcanic eruptions [Adams et al., 2003; McGregor et al., 2010] . This is also consistent with the initial El Niño-like sea surface height response found in a 122 member multimodel ensemble analyzed in Maher et al. [2015] that suggests preferred dynamical El Niño conditions (superimposed on an overall radiative cooling) after volcanic eruptions that occurred between 1850 and 2006. As discussed in McGregor and Timmermann [2011] , an initial cooling can be quickly followed by El Niño conditions. This further complicates the detailed comparison between model and proxy data. Moreover, the response may strongly depend on the ocean initial conditions that exist during the onset of the volcanic forcing [Self et al., 1997; Ohba et al., 2013] . Through changes in upper ocean stratification, the volcanic eruptions affect nutrient delivery to the euphotic zone. In LM-MIROC, the nitrate concentration in the euphotic zone increases in the eastern equatorial Pacific. This enhanced nutrient delivery lasts for at least 4 years after the eruption (Figures 2a and 2b ). Since the anomalous surface winds and upwelling are small in the eastern equatorial Pacific (Figures 1a and 1b) and the signal of enhanced production is small in the eastern equatorial Pacific (contours in Figures 2a and 2b) , the euphotic zone nutrient anomalies can be explained in terms of the mean upwelling of an anomalous vertical nutrient gradient. LM-CESM shows a very different behavior. The nitrate concentration first decreases in the eastern equatorial Pacific after the eruption due to suppressed upwelling (Figures 1c and 2c ) and then increases after 3-4 years in association with enhanced upwelling in the equatorial upwelling regions (Figures 1d and 2d) . That is consistent with the nutrient response to altered upwelling patterns in this region, shown in the 1997-1998 El Niño/La Niña status [Strutton et al., 2008] . The nutrient change can be seen along the mean nutricline depth (Figures 2c and 2d) . Typically, surface mixing at the subtropical ocean deepens the nutricline depth through the penetration of nutrient-rich water to the subsurface, while the subsurface stratification in turn shoals the nutricline depth by reducing nutrient supply to the subsurface [Cermeño et al., 2008] . This suggests that the subsurface nutrient change is related to both ocean dynamics and surface mixing change. As in LM-CESM, LM-LOVEC shows qualitatively similar changes in phosphate concentrations (Figures 2e and 2f ), but the corresponding anomalies are induced by changes in subsurface water density and mixing (contours in Figures 1e and 1f ) .
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The changes in nutrient concentrations trigger changes in primary and export production. LM-MIROC shows an increase in export production (EP) over the tropical Pacific (Figure 2b ), typically for enhanced productivity under the La Niña condition [Behrenfeld et al., 2006; Schneider et al., 2008] . In LM-CESM, EP decreases during the first 2 years due to nutrient deficiency (Figure 2c ) but increases subsequently, especially in the western CHIKAMOTO ET AL. LONG-TERM TROPICAL PACIFIC PRODUCTIVITY equatorial Pacific (Figure 2d ). In this region where silicate may be a limiting factor for diatom photosynthesis [see also Chikamoto et al., 2015] , the rather large changes in productivity are due to the increase in silicate concentration (not shown). In LM-LOVEC, EP also decreases during posteruption years, 0-1 years and increases during years 3-4 in response to the phosphate redistribution.
One of the goals of this study is to investigate how long the response of tropical ocean biogeochemistry to volcanic radiative forcing may last. A more detailed view on the temporal evolution in ocean physics and productivity is provided by strong volcano composite time series, showing temperature and nutrient concentration averaged over the euphotic zone (hereafter called euphotic-zone temperature and euphotic-zone nutrient concentration), ocean stratification and EP. The composite is based on the selected major volcanic eruptions described above (Figure 3 ).
The euphotic-zone temperature response in the eastern equatorial Pacific lasts for almost a decade in LM-MIROC ( Figure 3b ) and for up to 5 years in LM-CESM (Figure 3g ) and LM-LOVEC (Figure 3l) , consistent with the multimodel results of long-term oceanic cooling after the Krakatoa eruption in 1883 C.E. [Gleckler et al., 2006] . In LM-MIROC, the tropical cooling generates a surface-water density increase ( Figure 3c ) and reduced stratification, which leads to a long-lasting response (up to 8 years) of euphotic-zone nitrate concentrations and EP in the eastern tropical Pacific (Figures 3d and 3e) . After the termination of posteruption El Niño-like conditions in LM-CESM and LM-LOVEC, the nutrient concentrations and EP in these models increase, with robust signals persisting for up to 7 years. It is interesting to note that the LM-CESM simulation features a long-term EP increase also in the western tropical Pacific (Figure 2d ). The western-side response is also captured by the El Niño-driven anomaly of primary production in a CESM simulation . Therefore, the large biological sensitivity at the western tropical Pacific may reflect the characteristics of the mean biological pattern in CESM.
To further characterize the large-scale productivity response to volcanic eruptions, we analyze the productivity of the entire tropical Pacific 3-5 years after the volcanic event, stratified according to the amplitude of the applied volcanic forcing (Figure 4 ). For weaker volcanic forcing (between −2 and −5 W m −2 ), the delayed EP changes are not very pronounced and can be either positive or negative. However, for stronger eruptions (< −5 W m −2 ), we see an emerging relationship between the tropical Pacific EP response and the amplitude of the eruption. Even though the amplitude of simulated EP response is model dependent, all three models show an EP increase in the tropical Pacific due to large volcanic eruptions.
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Discussion and Conclusions
Transient climate responses to volcanic eruptions are analyzed for the period from 850 to 1850 C.E. using the three climate/Earth System models MIROC, CESM, and LOVECLIM. We start on with the hypothesis that oceanic cooling increases the nutrient transport to the surface via increased upper ocean mixing, which may boost primary and export production. However, the simulated initial response in the tropical Pacific is very different among the three models. LOVECLIM and CESM simulate an initial El Niño-like warming with a corresponding equatorial trade wind weakening, whereas MIROC simulates a long-term cooling in response to strong volcanic radiative forcing. Proxy evidence shows an enhanced probability of El Niño events to occur after strong volcanic eruptions [Adams et al., 2003; McGregor et al., 2010] . But processes involved are more complex; volcanic radiative forcing may change the phase of the El Niño Southern Oscillation (ENSO) cycle, by promoting La Niña-like cooling initially and El Niño-like warming for the following two seasons through the ocean heat discharge mechanism [McGregor and Timmermann, 2011] . Such a seasonal variability cannot be confirmed from the presented annual mean analysis in three models. Also, the Pinatubo eruption is an unlikely candidate for an El Niño trigger, because the eruption occurred after the initial El Niño development [Self et al., 1997; Thomas et al., 2009] .
From the modeling study of Maher et al. [2015] , it is suggested that volcanic forcing causes on average an initial El Niño-like response, with weakened zonal SST gradients in the tropical Pacific. However, this response is partly offset by an overall zonal mean cooling of the tropical Pacific. In their study the multiyear response strongly resembles a La Niña situation. This mechanism supports the findings presented here for the LM-CESM and LM-LOVEC simulations. For the MIROC composite we find that volcanic forcing peaks at a time of weak eastern Pacific cooling (Figure 3b ), whereas the CESM composite members are biased more toward weak El Niño initial conditions in the eruption year (Figure 3g ). The climate sensitivity to volcanic forcing may further depend on the phase of the seasonal cycle and whether the tropical climate system is already primed for an El Niño or a La Niña state [Ohba et al., 2013] .
ENSO-state dependent volcanic sensitivities have also been discussed in the context of CO 2 changes [Frölicher et al., 2013] . According to this study, the CO 2 response to volcanic forcing is considerably larger when a volcanic eruption occurs in boreal winter or during El Niño conditions as compared to the boreal summer season of a La Niña initial state [Frölicher et al., 2013] . Such effects can also influence the biogeochemical responses discussed in our study.
In spite of very different initial trajectories, our study demonstrates that the simulated long-term (2-6 years) response of the tropical Pacific to a sharp reduction in shortwave radiation is quite similar among the three models. It is characterized by surface cooling, reduced stratification, and enhanced eastern tropical Pacific primary productivity. The anomalies for export production range from 10 % of the long-term mean in CESM and LOVECLIM to up to 50% in MIROC.
In the eastern equatorial Pacific, in response to strong volcanic eruptions, surface cooling and enhanced solubility tend to decrease ocean outgassing (positive ocean carbon uptake anomaly) and the atmospheric carbon dioxide concentration (pCO 2 ), whereas more upwelling of carbon-rich water and thus less efficient by nutrient utilization contribute to increase outgassing. A positive oceanic carbon uptake anomaly after major volcanic eruptions is consistently simulated by CESM , MIROC, and LOVECLIM. However, the contributions of the carbon uptake in the eastern tropical Pacific to atmospheric pCO 2 are relatively small (few ppmv). The atmospheric pCO 2 is also influenced by the air-sea CO 2 flux outside the tropical Pacific, terrestrial carbon uptake, and possible feedbacks on the climate state.
All three models used here exhibit multiyear persistence of anomalies in biological productivity following strong volcanic forcing. The long-term memory can be identified even after the volcanic forcing has subsided (Figure 3 ). Long-term (up to 5 years) posteruption anomalies of upper tropical Pacific ocean temperature and export production of organic carbon anomalies were also documented in a recent study [Frölicher et al., 2011] , which may be related to the mechanisms of slow ocean dynamical and ecosystem adjustment to short-term climatic forcing [Séférian et al., 2014; Swingedouw et al., 2015; Chikamoto et al., 2015] . We propose that this new source of potential physical and biogeochemical predictability needs to be considered in ongoing decadal prediction efforts.
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